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The following dissertation describes the results obtained from a yearlong research project 
undertaken at the University of Bristol.  Utilising the data collected by the NA62 experiment at 
CERN in 2016, this thesis presents a study of the Kμνγ decay. An overview of the selection criteria, 
and simulation of the relevant kaon decays, precedes the analysis of the data and its attempt to 
extract form factors. 
 
This study collected results which assessed the kinematic distribution and missing mass, following 
a selection process, in an attempt to identify events from the Kμνγ decay mode. Prior to the 
investigation of the decay in the 2016 data, the theoretical framework of the experiment was 
explored in depth, with particular emphasis on the decay signatures of background modes.  
 
Monte Carlo simulations were used to interrogate a function and its ability to accurately extract form 
factors from the kinematic distribution of the Kμνγ decay. This study was unable to apply this 
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The standard model of particle physics (SM) presents our best interpretation of the world on the 
subatomic scale; however, we are constantly seeking to modify and update this model with new 
physics (NP). At present understanding, the SM provides an incomplete picture of the functional 
universe, omitting justification for a variety of physical phenomena, including: the imbalance of 
matter and dark matter, the unification of gravity with the other fundamental forces, and neutrino 
oscillations. The lightest of the strange mesons, the (positively charged) kaon holds particular 
potential for studying NP through its ability to interact through each of the fundamental forces, 
although primarily decaying through the weak interaction. Kaon study provides many opportunities 
to explore NP whilst reinforcing our current understanding of the phenomena we have already 
observed; this study is the aim of the NA62 experiment at CERN. Initially commissioned to start 
taking physics data in October 2014 [1], following the success of its predecessor NA48, the NA62 
experiment has the primary aim of measuring the rate of the K+ →  π+νν̅  (Kπνν) decay; a particularly 
challenging mode to measure with a branching fraction of the order 10−10.  With a primary objective 
of collecting 80 events across its collective run time, this “kaon factory” allows a variety of differing 
analyses in parallel to the headline study.  
 
The decay mode researched in this report, K+ → μ+νμγ (Kμνγ), is of particular interest, in that it is a 
background to various signals of potential NP. For example, in photonic lepton flavour violation 
where the kaon is the parent particle, for example K+ → μ+νμ, where μ
+ → e+γ, the removal of Kμνγ 
from the data sample will be critical in refining the measurement and identifying the lepton flavour 
violating decay from the muon to electron. Additionally, in the search for heavy neutrinos, it is 




Kμνγ decay as a potentially detrimental background. The value of this study, and its potential for 
investigating phenomena such as dark matter, is illustrated well by the E949 Collaboration [2]. 
 
The current branching fraction (BF) for Kμνγ and form factors, provided by the Particle Data Group 
(PDG) [3], have been outlined below: 
BFΚ𝜇𝜐𝛾 = (6.2 ± 0.8) ×  10
−3 
|𝐹𝑉 + 𝐹𝐴| = 0.165 ± 0.013  
|𝐹𝑉 − 𝐹𝐴| =  −0.21 ± 0.06 
Although notably easier to measure than Kπνν, Kμνγ is by no means the most common of the kaon 
decays. The kaon is significantly more likely to decay via one of its primary modes, K+ →
μ+νμ (Kμ2), K
+ → π+π0 (K2π), or K
+ → π0μ+νμ (Kμ3), where each of these is a background to this 
study. 
 
This thesis will begin by addressing the theoretical framework underpinning the study, and move 
on to providing an overview of the relevant parts of the detector. The NA62 experiment utilises a 
beam line with protons extracted from the Super Proton Synchrotron (SPS), and passes through a 
variety of detectors to assess the trajectory of the oncoming particles. With regards to this particular 
study, some detectors are more important than others. This study uses Monte Carlo (MC) 
simulations to assess the characteristics of problematic background decay modes, before using this 
information to impose selection requirements on the data. The latter part of this thesis will address 
the results from the 2016 data sample, applying a set of criteria for event selection, whilst estimating 
the degree of background contamination within the result. This project is a feasibility study, where 
the current NA62 framework has been utilised to try to replicate or improve on the current 




stage, to produce as successful a measurement as the study’s predecessors, and detailed studies of 
systematic uncertainties are beyond the scope of this analysis, but there is still much merit to be 





2. Theoretical Framework 
 
The branching fraction of the kaon to Kμνγ can be divided into three key components: the internal 
bremsstrahlung (IB) term, the structural dependence (SDP and SDM) terms and the interference 
(INTP and INTM) terms. Here SDP and INTP refer to the positive variations of the above terms, 
with SDM and INTM being the negative counterparts. The IB and SD decay mechanisms are 
illustrated in figure 1.  The IB term here can be described, on a fundamental level, as the radiative 
interpretation of the Kμ2 decay, where a photon is emitted from either the final state muon or from 
the kaon. The IB term provides the largest contribution to the Kμνγ mode.  The SD terms contribute 
significantly less to the overall decay and can be quantised by the relevant vector and axial form 
factors.  The SD terms are designated either positive or negative, corresponding to the right-handed 
or left-handed helicity of the photon respectively. The remaining INT terms describe the 
interference between IB and SD terms. The branching fractions for each of these terms have been 
outlined below in table 1. 
 
 Branching fraction 
IB [3] (6.2 ±  0.8) ×  10−3 
SDP [3] (1.33 ± 0.22)  × 10−5 
SDM [4] 1.38 ×  10−6 
INTP [4] 1.44 ×  10−5 
INTM [4] −3.83 ×  10−5 
























Figure 1: The Feynman diagrams for both the IB decay mode (left) and the SD decay mode 




2.1 Matrix Elements 
 
The physics relevant to this study can be quantified by the matrix element [5] for the Kμνγ decay. 
Furthermore, the matrix element relevant to the Kμνγ mode can be expressed as the sum of the 
matrix elements for both the IB and SD terms.  The INT term arises from the square of the matrix 
amplitude and is as such not included below. The total amplitude is given by: 
 

















Here, GF corresponds to the Fermi constant; εμ
∗  is the photon polarisation vector; FK is the kaon 
decay constant; Kμ reflects the leptonic charged weak current between the muon and neutrino.  The 
Vus
∗  term is taken from the Cabibbo-Kobayashi-Masakawa (CKM) matrix and demonstrates the 
degree of quark flavour mixing between the up (u) and anti-strange (s̅) quark. This mixing occurs as 
a result of the weak interaction, the only known fundamental force to facilitate a change in flavour. 
Terms from {2} and {3} can be expanded as follows: 
 






















(𝑞 ∗ 𝑝𝑔𝜇𝜈 − 𝑝𝜇𝑞𝜈) {5} 
 
𝐿𝜇 = ?̅?(𝑝𝜈)𝛾5(1 − 𝛾5)𝜈(𝑝𝜇)     {6} 
 
𝑝𝜇 = (𝑝𝐾 − 𝑞)
𝜇 = (𝑝μ + 𝑝𝜈)
𝜇
        {7} 
 
Hμν is the anti-symmetric tensor; Lμ is the leptonic charged weak current; u̅(pν) and ν(pμ) are the 
relevant spinors of the decay. The q term dictates the contraction between Dirac gamma matrices, 
γμ, and the photon momentum. ϵμναβ and gμν are tensors running over the four vector pμ. 
 
The anti-symmetric tensor, Hμν, demonstrates the dependence of SD terms on the form factors, Fv 
and FA. These form factors are analytical functions [4] of the four-momenta squared, within the 
kinematically permitted region mμ
2 ≤ p2 ≤ mK
2 , and can be categorised as either vector or axial. The 
axial vector form factor demonstrates the characteristic of the weak current that remains unaltered 
following a parity transform, whereas the vector form factor characterises that change. Chiral 
perturbation theory (CPT) is able to predict these form factors, at a variety of different orders, and 
provides the benchmark values for experimental measurement.  
 
Of particular relevance to this study is the helicity suppression of the SDM term. This property 
occurs as a result of the fast travelling neutrino in the decay. When a lepton travels at near relativistic 
speeds, it will only be observed as left-handed (i.e. negative) in nature. In conjunction with this, 




angular momentum in the decay, restrictions are made upon the helicity of the photon - which can 
be ±1. This ultimately dictates that the photon be right handed; hence a bias is observed for the SDP 
mode. With respect to this study, helicity suppression works effectively in reducing the prominence 
of electron flavour decay modes in background. The small electron mass results in it experiencing a 
high degree of helicity induced suppression, far greater than that of the muon, and subsequently 


























Figure 2: The potential spin configurations of the Kμνγ  mode. The red arrows indicate the spin ±1 of 






In order to assess the kinematics of the Kμνγ mode, it is typical to define two dimensionless Lorentz 
invariant variables; x and y. These variables can be expressed in terms of either momentum or 













2  {8} 
E* here represents energies taken from the kaon rest frame; mK represents the mass of the kaon [8]. 
Utilising the partial decay rate for the Kμνγ mode, these kinematic variables can then be used to 
ascertain the double differential decay rate in the kaon rest frame [9]. It is important to note here 
that the interference terms in the double differential decay rate are negative as they demonstrate 
how the structurally dependent and internal bremsstrahlung components destructively interact with 
one another.  
𝑑2𝛤
𝑑𝑥 𝑑𝑦
=  𝛤(𝐼𝐵) + 𝛤(𝑆𝐷𝑃) + 𝛤(𝑆𝐷𝑀) − 𝛤(𝐼𝑁𝑇𝑃) − 𝛤(𝐼𝑁𝑇𝑀) {9} 
𝛤(𝐼𝐵) = 𝐴𝐼𝐵 ∙   𝑓𝐼𝐵(𝑥, 𝑦)  {10} 
𝛤(𝑆𝐷𝑃) = 𝐴𝑆𝐷  ∙  𝑓𝑆𝐷
+ (𝑥, 𝑦) ∙  ((𝐹𝑉 + 𝐹𝐴)  ∙  𝑀)
2 {11} 
𝛤(𝑆𝐷𝑀) = 𝐴𝑆𝐷  ∙  𝑓𝑆𝐷
− (𝑥, 𝑦) ∙  ((𝐹𝑉 − 𝐹𝐴)  ∙  𝑀)
2 {12} 
𝛤(𝐼𝑁𝑇𝑃) = 𝐴𝐼𝑁𝑇  ∙  𝑓𝐼𝑁𝑇
+ (𝑥, 𝑦) ∙  ((𝐹𝑉 + 𝐹𝐴)  ∙  𝑀)
2  {13} 
𝛤(𝐼𝑁𝑇𝑀) = 𝐴𝐼𝑁𝑇  ∙  𝑓𝐼𝑁𝑇
− (𝑥, 𝑦) ∙  ((𝐹𝑉 − 𝐹𝐴)  ∙  𝑀)
2 {14} 
𝐴𝐼𝐵 = 𝑊𝐾𝜇2
2  ∙  
𝛼𝑓
2𝜋







Note that the amplitude of the IB branching term is dependent on the value of WKμ2
2 , where this value 
is defined as the branching fraction for the Kμ2 mode.  As this is the most probable kaon decay mode, 
its value has been measured to a high degree of precision; 0.6355 ± 0.0011 [3].  The αf term above 
represents the electromagnetic fine structure constant and can be calculated as 1/137.036 [3]. 
Moreover, each of the above branching fractions can be further broken down to demonstrate how 
each component can be characterised in terms of the kinematic distribution of photon and muon 
energies – x and y [9]. 
𝐴𝑆𝐷 =  𝐴𝐼𝐵  ∙  
1
4𝑟




2  {16} 




  {17} 
with: 
𝑓𝐼𝐵 (𝑥, 𝑦) = ((1 − 𝑦 + 𝑟)/(𝑥
2   ∙  (𝑥 + 𝑦 − 1 − 𝑟) ))   ∙  (𝑥2 + 2 ∙  (1 − 𝑥)  ∙  (1 − 𝑟) − (2 ∙
 𝑥 ∙  𝑟 ∙  (1 − 𝑟))/(𝑥 + 𝑦 − 1 − 𝑟))  {18} 
 
𝑓𝑆𝐷
+ (𝑥, 𝑦) =  [𝑥 + 𝑦 − 1 − 𝑟]  ∙  [(𝑥 + 𝑦 − 1)  ∙  (1 − 𝑥) − 𝑟]  {19} 
𝑓𝑆𝐷
− (𝑥, 𝑦) = [1 − 𝑦 + 𝑟]  ∙   [(1 − 𝑥)(1 − 𝑦) + 𝑟]  {20} 
𝑓𝐼𝑁𝑇
+ (𝑥, 𝑦) = (
1−𝑦+𝑟
𝑥2 ∙ (𝑥+𝑦−1−𝑟)
) ∙  [(1 − 𝑥) ∙  (1 − 𝑥 − 𝑦) + 𝑟]  {21} 
𝑓𝐼𝑁𝑇
− (𝑥, 𝑦) = (
1−𝑦+𝑟
𝑥2 ∙ (𝑥+𝑦−1−𝑟)
) ∙  [𝑥2 − (1 − 𝑥) ∙  (1 − 𝑥 − 𝑦) − 𝑟]  {22} 
The current branching fraction for of Kμνγ is stated as (6.2 ± 0.8) ×  10
−3






3. Beam line and Detectors 
 
The NA62 experiment is located in the North Area of the CERN accelerator complex (figure 3) and 
utilises beams from the Super Proton Synchrotron [10].  The extraction line filters the incoming 
protons from the SPS and directs them onto a beryllium target.  The experimental design builds on, 




















3.1 Beam line 
 
The NA62 experimental area receives a primary proton beam from the SPS which is then used to 
generate the secondary beam for the experiment [10]. The primary beam can be adjusted to 
increase/decrease the angular acceptance of the incoming protons. This primary beam is composed 
of protons with momentum 400 GeV/c, and is directed onto a target, T10, in the North Experimental 
Area. The resultant secondary beam, known as K12HIKA+, is directed towards the NA62 fiducial 
decay region. The momentum of the incoming beam was chosen to maximise the kaon intensity. 
Operating at high energies is, for the most part, beneficial to the experiment and increases the 
number of kaons present.  As a consequence of this, however, the degree of bending (as the particle 
traverses the magnetic field) is minimal and this makes it difficult to differentiate between incoming 
particles in the beam. In order to observe the maximum number of kaon decays within the 
designated fiducial region, 65 metres along the 250 metre-long detector, the optimum central beam 
momentum is found to be 75 GeV/c.  Additional beam characteristics are presented in table 2.  
 
The beam characteristics are designed to maximise the efficiency for measuring the Kπνν mode, 
however the sophisticated design features enable optimal conditions for the majority of kaon decays. 
In various cases, the primary use of the detectors can be reversed in order to identify alternative 
particles of interest, e.g. photon vetoes can be used to accept photons as opposed to rejecting them. 
 
The results from this study are based on 3 ×  108 reconstructed charged kaon events which have 
been collected during the 2016 run. Each event has been collected using the same set of experimental 
conditions or runs, which have been obtained using a minimal trigger requirement: one charged 
particle in every event. For more exotic or rare particle searches, a more sophisticated set of trigger 

























3.2 The NA62 detector 
 
A schematic diagram of the NA62 experiment is shown in figure 4, however components of the x 
axis have been compressed and do not reflect the true scale of the detector. Prior to the decay region, 
the CEDAR detector identifies the beam kaons, and the Gigatracker (GTK) allows for precise 
measurement of the beam particle direction. Within the decay region, photon vetoes and the straw 
tracker are present. The straw tracker reconstructs the trajectories of the charged particles produced 
in the kaon decays and these can be identified in the RICH detector. Downstream of the straw tracker 
are the liquid krypton (LKr) and muon veto (MUV) calorimeters; the former measuring the energy 
of outgoing particles and the latter rejecting any background muons from the analysis. The elements 
of the detector, most relevant to this analysis, have been outlined in further detail below.  
 




3.3 Kaon Tagging 
 
The primary photon beam from the SPS produces a variety of secondary particles upon collision 
with the beryllium target [12]. The predominant shortcoming of utilising a beam with high input 
momentum is the inability to separate the hadrons at beam level; the beam entering the detector is 
a mixture of protons, pions and muons. To manage this, a Cherenkov counter, known as the CEDAR 
and filled with hydrogen (or nitrogen) gas, is used to identify particles with a particular mass. When 
particles pass through the CEDAR, they interact with the gas and produce Cherenkov radiation that 
can be observed as luminous rings. All particles of the same mass will travel in the same direction, 






Successful identification of the Kπνν mode pion occurs within the pion momentum range 15 < p < 35 
GeV/c - this can be observed in figure 5. Here, the ring imaging Cherenkov (RICH) detector is 
successful in distinguishing pions from the large number of background muons.  The RICH utilises 
neon gas as the Cherenkov radiating medium and determines the velocity of particles through 
assessing the angle of radiation emitted [12]. The RICH is primarily used to improve the 
discrimination of Kπνν from Kμ2, however, it is not used in this analysis and muon/pion 









To measure the direction and momentum of the secondary particles generated on the NA62 project, 
the beam passes through a series of four chambers known as the STRAW tracker. Each of these 
chambers are orientated into four “views” and constructed with 1792 straws. The straws used 
measure the position of charged particles that have passed through a 0.36 T magnetic field [12]. The 
straws measure four coordinates for each particle – as a consequence of the four views – and 
determine the momentum of each from the degree that its trajectory has bent within the magnetic 
field. In addition, the straw tracker is optimised to minimise the degree of Coulomb scattering and 
is built to operate within a vacuum. The straw tracker is able to achieve a high degree of precision 
with a spatial resolution of “≤ 130 μm per coordinate and ≤ 80 μm per space point” [12]. 
Figure 5: Ring radius vs particle momentum for a charged particle in the 






In this study the liquid krypton calorimeter (LKr) identifies the energy deposits of charged particles 
and photons. In the search for Kπνν, however, it is used primarily to veto photons. The LKr is 
constructed using approximately 10 m3 of liquid krypton, maintained at 120 K in cryostat.   The LKr 
is able to identify particles through comparing the energy deposited with the measured momentum. 
Electrons will deposit nearly of their energy within the calorimeter, pions a smaller amount, and 
muons next to no energy.  By comparison, photons will deposit all of their energy in the LKr and an 
energy deposit with no associated track can be used to identify and veto photons within the detector. 
 
The LKr reconstruction procedure starts with seeds, where a seed is defined as a cell with at least a 
250 MeV energy deposit and an energy greater than the average energy of the 3x3 surrounding cells. 
Clusters are then identified as the area within a 110 mm radius of the identified seed. From this 
reconstruction, the space-time coordinates, energy deposit and shower width of the particle can be 
determined [12]. Moreover, the LKr is able to achieve a high degree of precision, with a photon 
detection efficiency of close to 100% [12], whilst simultaneously accounting for the impact of 




The muon veto (MUV) system follows the LKr and acts as a set of hadron calorimeters.  For the Kπνν 
analysis, the MUV is used to suppress the background from Kμ2 – an essential feature for the Kπνν 
analysis, where muons are misidentified as pions as a result of their similar mass and charge. In this 




omit them from the signal. The system is divided into three modules, as seen in figure 6, where the 
first is of particular interest to this study and constructed to measure the energy showers of incident 
hadrons. In addition, the final module is designed to identify the non-showering muons that survive 
the iron scintillator - pions in this instance typically do not reach this module. The MUV1 and MUV2 


















4. 𝐾+ → 𝜇+𝜈𝛾 Measurement 
 
For this study, data from the NA62 experiment taken during the 2016 run has been reconstructed 
and analysed. Monte Carlo (MC) methods have also been employed in order to determine the 
behaviours of background decay modes within the sample. The criteria for event selection have been 
tuned in order to suppress the effects of these background modes, relative the candidates eligible for 
signal. The event selection is designed in favour of the SDP events, to allow for a more confident 
extraction of form factors and minimise the background from Kμ2. In addition to this, the control 
trigger [15] is used to select the data. This demands that at least one charged particle is present in 




4.1 Background Modes 
 
Using the results from previous studies [16, 17, 18], alongside the known branching fractions for 
kaons [3], three background modes were identified to be of concern. 
1. K+ → π0π+ (K2π): Where the positive pion is misidentified as a muon and only one photon 
from the π0 decay is seen in the experiment. 
2. K+ → μ+ν π0 (Kμ3): Where once again only one photon from the π
0 decay is seen in the 
experiment. 
3. K+ →  μ+ν (Kμ2): Where the non-radiative instance becomes associated to a photon from a 
separate origin. This is difficult to suppress as a consequence of the large degree of 






Branching fractions  
(BF) 
BF/BF(Kμνγ) 
𝐾2𝜋 20.67 ± 0.08 % 33 
𝐾𝜇3 3.352 ± 0.033 % 5.4 
𝐾𝜇2 63.56 ± 0.11 % 100 
Table 3: Branching fractions and scale factors (with respect to Kμνγ) of the primary background 
modes. [3] 
 
4.2 Methods of Analysis 
 
Three primary methods have been used in this study, with a select sample of MC being used to model 
the respective behaviours of signal and background. The application of the MC sample is two-fold: 
to explore the distribution of results in the absence of any cuts or background data, and to assess the 
effects of the selection process in the full analysis.  
 
4.2.1 Missing Mass 
 
Events from different sources can be distinguished through assessing the squared missing mass, 
within a particular analysis. The squared missing mass is calculated from the difference in four-
momentum between the parent and one, or more, of the daughter particles.  
𝑀𝑚𝑖𝑠𝑠





Figure 7 outlines the distribution of signal and background from a parallel study at the NA62, 
investigating heavy neutral lepton production. This method can be used to investigate particles that 
cannot be measured by the detector [19]. With each of the kaon decay modes having its own 
particular signature for missing mass, this method provides an effective tool for differentiating 
between signal and background events. In the Kμνγ decay mode, the missing mass should be that of 
the neutrino. To elaborate, the four momenta of the muon and photon are subtracted from the four 
momenta of the kaon and the resulting four momenta is used to calculate the mass squared of the 
“invisible” neutrino. Because the neutrino is nearly massless, the peak of the distribution is centred 
about zero; as can be seen in figure 8.  
 
Figures 9 and 10 show the MC missing masses from K2π and Kμ3 backgrounds that survive the earlier 
stages of the selection process. Figures 8, 9 and 10 are not normalized and are used purely to 
demonstrate the shape of the missing mass distributions. Within figures 9 and 10 it can be seen that 
the peak of the distributions are still about zero, but now with a tail of additional events. In line with 
this, cutting on this tail is essential in minimising the background events that survive the selection 











Figure 8: Monte Carlo simulation of the squared missing mass for the signal measured in GeV2/c4. 
 





Figure 10: Monte Carlo simulation for background Kμ3 within the selection process 
 
4.2.2 Kinematic Distribution 
 
The kinematic distribution demonstrates how energy from the parent particle (kaon) is shared 
amongst the daughter particles (muon and photon) with a particular decay. The distribution is of 
particular significance to this study in that it permits for the extraction of the vector and axial form 
factors. The distribution is measured within the parent particle’s rest frame and can be calculated as 
follows [4]: 













Figures 11-15 show the MC truth kinematic distribution (the distribution created before detectors 
have been simulated, using the energies provided from the generator), compared to the MC after 
selection of the signal decay modes. The MC truth distributions reflect the number of generated 
events scaled up by a factor of 104; this upscaling has been done to demonstrate the distribution at 
its fullest, such that the best assessment of the distribution’s shape can be made. The MC 
distributions after the selection process have been normalised with respect to the relevant branching 
fractions (see tables 1 and 3) and scaled up to the expected number of events in the 2016 data sample, 
where there were 3108 charged kaon events. Where the MC has passed through the selection 
process, the cuts outlined in Section 4.3 have been applied. These cuts can be broken down into 
three different stages: identifying a “good” muon by assessing features such as charge and relative 
proximity to the identified kaon; identifying a “good” photon through assessing the proximity of the 
photon to the muon and the “dead” LKr cells; and refining the selection process further through 
assessing kinematics such as photon energy, muon photon angle, and MUV energy deposits. 
Following the selection process, it can be observed that the extremities of the distribution become 
more compact or streamlined, but the trends in high density regions across the different components 
remain relatively consistent.  
 
The IB term is the more favoured decay mode and would be expected to yield the greatest number 
of signal events.  The number of IB events in the final selection is reduced dramatically by the cut on 
the minimum photon energy, discussed further in section 4.3. The IB term is most dominant when 
photon energy is small and this reflects the low likelihood that a kaon would decay to a low energy 
muon and high energy photon pair. By comparison, the SDP and SDM distributions are dominated 
by events involving photons of a greater energy. This is to be expected given that these photons are 
non-radiative and emerge from the virtual hadronic states of the kaon decay. After the IB term the 
SDP and INTP terms are the next most likely decay paths, with the SDM proving the most unlikely 




noted the difficulty in extracting a competitive value of FV – FA (this form factor being dependent on 
the SDM distribution of results) opting instead to measure the FV + FA term that is the “[easier] of 
the SD components to observe” [17]. In comparison with the other distributions figure 16 shows the 
MC K2π and Kμ3 distributions post selection. These terms are challenging to suppress as a 
consequence of their larger branching fractions, and events that survive the selection will go on to 







































4.2.3 Form Factors 
 
To extract the form factors a particular function is fitted to the kinematic distribution, where the 
unknown parameters of the function represent the FV + FA and the FV – FA terms, as seen in equation 
{24}. 
𝜌𝑆𝐷(𝑥, 𝑦) = 𝐴𝑆𝐷𝑀𝐾
2  [(𝐹𝑉 + 𝐹𝐴)
2 𝑓𝑆𝐷𝑃(𝑥, 𝑦) +  (𝐹𝑉 − 𝐹𝐴)
2𝑓𝑆𝐷𝑀(𝑥, 𝑦)]   {24} 
The fit performed was a binned and chi-squared fit. The function used for this fit is the structurally 
dependent component of the Dalitz plot density {24} supplied by DAPHNE Physics Handbook [9]. 
First, the normalisation parameter for this fit is found through fitting an IB distribution with the 
function of IB {18}. Having determined this value, the normalisation parameter was then fixed when 
fitting 𝜌𝑆𝐷(𝑥, 𝑦) {24} to the combined distribution of SDP and SD, allowing for the extraction of FV + 
FA and FV – FA. Following this, each distribution was scaled down to one event and then up to its 
respective branching fraction, before being combined. The fitting of function {24} to a MC truth 
sample of the signal SDP and  SDM components (before selection cuts are applied) can be observed 
in figure 17; the input form factors and those extracted from the fit are given in Table 4. The 
distribution in figure 17 is normalised to the branching fractions, see Table 1. The form factors 
depend on the shape and not the normalisation. The fit took place within the high density SDP region 
as a consequence of the strong uniform signal acceptance in that area – see section 4.5 for further 
detail. The form factors produced from this fit are within a close range of those used by the generator, 
however there remains some small discrepancy. Further refinement to this method is beyond the 







 Generated values Fitted values 
FV + FA 0.137 ± 0.0005 0.144 ± 0.002 
FV – FA 0.052 ± 0.0005 0.056 ± 0.003 
Table 4: Form factor values and their uncertainties from the generated and fitted distributions 
 
Figure 17: Fitted kinematic distribution to combined SDP and SDM samples before selection.  
 
The form factors within this particular decay mode are quantities that reflect the vector and axial 
vector properties of the decay. The vector quality reflects the components of the decay that will 
change their sign under parity transformation, while the axial vector quality reflects those that will 
not [20]. The hadronic weak currents responsible for photon emission are directed by the values of 
these form factors. Investigating the hadronic weak currents of kaons is valuable in many respects, 




factor values predicted by chiral perturbation theory (CPT) and other studies with a similar objective 
to this.  
 
 FV + FA FV - FA 
CPT 0.134 0.049 
BNL 787 
Experiment [17] 






0.134 -2.5 to 0.3 
Table 5: Form factors from CPT and other studies. 
 
4.3 Event Selection  
 
Multiple selection requirements have been used within this analysis. Initial cuts are common to 
many NA62 analyses, with subsequent cuts used to identify signal events. To select the signal, a good 
track, corresponding to the muon, and two calorimeter deposits were required - one consistent with 
a muon and one consistent with a photon. 
 For a track to be identified as “good”, it must meet the following criteria: 
• Have a track charge equal to one (positive).  
 





• Closest track distance (or the closest distance approach, CDA) to the beam kaon is less than 
3 cm: The CDA quantifies the distance between trajectories of the kaon and muon, and 
successfully identifies the parent/daughter particles within the decay.  
• Track momentum: There is a basic requirement that the track momentum be no smaller than 
5000 MeV/c and no greater than 70 GeV/c. These constraints reflect the characteristics of 
the incoming kaons and the improbable nature of observing particles beyond these limits.  
 
• Energy over momentum (EOP): A cut is placed upon the energy to momentum ratio in order 
to identify the relevant charged particle. The energy is measured in LKr and the momentum 
by the tracking detectors. To ensure positive identification of the muon, events are cut that 
have a ratio greater than 0.2. 
 
Once a track has been identified as “good”, the selection can then move on to identifying the 
associated photon. Within the LKr there is a further selection process that identifies this: 
• The LKr must observe exactly two separate clusters; one for the muon and photon 
respectively.  This eliminates a large portion of the background, particularly in the instance 
where a neutral pion (K2π or Kμ3) is present and does not decay in close proximity of the track. 
 
• The cluster distance to the nearest dead (damaged) cell is greater than 2 cm. This requirement 
ensures that the electromagnetic shower is measured correctly. 
 





• The time difference between track and cluster amounts to less than 5 ns. This limits the 
likelihood of the track becoming mistakenly paired with a photon from external 
bremsstrahlung. 
 
The selection was then refined by imposing cuts that explicitly searched for a Kμνγ event. These cuts 
can be outlined as follows:  
• Photon Muon angle: The opening angle, , between the photon and muon must be within 
0.005 < cos < 0.025. Figure 18 shows the opening angle after simulation for signal and 
background where each of these distributions have been normalised by their respective 
branching fraction and scaled up by the number of charged kaons in the 2016 data sample. 
The upper range of this cut establishes the maximum opening angle but does little to 
eliminate background. The minimum value in this cut acts to reduce the degree of external 
bremsstrahlung in the final selection. Bremsstrahlung photons emerge with an opening angle 
notably smaller than that of the photons emerging from the hadronic weak currents in the 
structurally dependent components of the signal. This cut acts to remove a significant portion 
of the non-radiative Kμ2 events that have photons accidentally associated with the decay 
because they have opening angles that fall outside of this range. 
 
• Photon energy cut: Photons with an energy smaller than 10 GeV are excluded from the 
selection. This cut also acts to remove the low energy photons that become associated through 
external bremsstrahlung. Similar to the cut on the photon muon angle, this cut reduces the 
contribution from the IB signal component in addition to background Kμ2. This cut also 
reduces a notable portion of Kμ3 where the distribution of energy is greater and the photons 





• MUV1 cut: The conditions of this cut are two-fold. Firstly, there must be an association 
between a track identified in the straws and one that is subsequently associated with the 
MUV1. Secondly, the energy deposited in the MUV1 must be no greater than 3 GeV. The cut 
on energy deposits greater than 3 GeV suppresses the backgrounds that arise from pions that 
have otherwise made it through the selection. 
 
• MUV3 cut: Within this selection it is required that there be an association between tracks 
identified in the straws and tracks that are identified in the MUV3. This cut aims to confirm 
the presence of a muon within the selection. 
 
• Squared missing mass cut: The squared missing mass (MM2) of Kμνγ  provides a signature 
that is clearly centred about zero. Events that lie outside the region of -0.01 < MM2 < 0.01 are 
excluded from the final cut. 
 
The selection process is designed to accept a good number of Kμνγ events. As a consequence of the 








Figure 18: MC Photon opening angle from the track muon after detector simulation. SDP signal 




4.4 Estimation of Background Contamination 
 
The MC production designed for the NA62 experiment utilises particle data and behaviour 
simulated by the GEANT4 package [21].  This package allows for the simulation of data runs, with 
respect to the detectors of key interest.  The most problematic decay modes, such as K2π,  Kμ3, and 
Kμ2, have been simulated using this package to assess the efficacy of the cuts at each stage of the 
selection. 
 
The rejection efficiency of the analysis was determined by observing the number of MC events that 
were able to successfully pass the cuts. Table 6 outlines the efficacy of these cuts at each stage of the 
analysis. The numbers within table 6 demonstrate the unweighted MC generated events and 
illustrates the relative reduction in background for each cut. 
 
The final cut on the missing mass is effective where there is a large offset from zero - this works well 
to eliminate significant portion of the remaining K2π and Kμ3 events. K2π is reduced by the two-
cluster requirement in the LKr, where the additional photon from the neutral pion fails the selection. 
Similarly, the Kμ2 contribution is reduced by the two-cluster requirement, eliminating candidates 
from the non-radiative instance of the decay. Imposing a cut upon the muon photon angle acts to 
further reduce the degree of external bremsstrahlung photons that are present in the final selection. 
This cut has the greatest effect on potential Kμ2 events, with relatively minimal impact on K2π and 
Kμ3, however the large branching fraction of Kμ2 justifies the presence of this cut within the selection. 
 
At this stage it is worth noting that the selection cuts effectively eliminate all candidates for the 




selection cuts, eradicates the entire sample. This would suggest that the selection is successful at 
eliminating this background; however, it is anticipated that some background might arise from in-
time photons from other processes. The estimation of this is beyond the scope of this thesis. 
 
 K2π  Kμ3  Kμ2 
Number of Kaons 
within fiducial decay 
region 
9902020 13245482 49935750 
Good Track Cut 5874650 7263820 26969820 
E/P Cut 2197861 7123181 26128210 
LKr Association Cut 858491 3974080 17486880 
Two LKr Clusters 
Cut 
397656 2018011 5645 
Good Photon Cut 386800 1971362 2250 
Muon Photon Angle 
Cut 
368322 1679508 431 
Physical region Cut 364007 1385635 212 
Photon energy cut 317967 1255747 2 
MUV Cut 59602 1231287 1 
Missing mass Cut 40027 356619 0 
 
Table 6: Number of background candidates in analysis, following each cut. Table shows number of 






4.5 Acceptance   
 
The acceptance has been evaluated for both signal and background, using the number of kaons in 
the fiducial decay region and the number of events that survive the selection process.  The fiducial 
decay region in the NA62 experiment is located 2.5 m from the Gigatracker and is 60 m in length 
[10]. The geometrical acceptance has been calculated as follows: 
𝐴𝑐𝑐 =  
𝑁𝐾𝐷
𝑁𝑀𝐶
  {25} 
NKD = Number of events after selection in the kinematic distribution; NMC = Number of events that 
enter the fiducial decay region. 
Knowing the acceptance and branching fractions, the estimated number of events in the final 
selection of the 2016 data sample can be calculated; these numbers are shown in table 7. There are 
66730 events expected from signal and a minimum of 523011 events are expected from background. 
This minimum is to account for the fact that simulation of background Kμ2, where an external 
photon accidentally becomes associated with the decay, is beyond the scope of this current study. 
Decay Acceptance BF 
Expected number of 
events in 2016 
IB 0.0342 0.0062 64036 
SDP 0.206 0.0000133 827 
SDM 0.125 0.00000138* 52 
INTP 0.128 0.0000144* 559 
INTM 0.108 0.0000383* 1256 
K2π 0.00404 0.2067 252692 
Kμ2 0 0.6356 0 
Kμ3 0.0269 0.03352 270319 




The ratio of background to signal events can be calculated through scaling the acceptance by the 
respective branching fractions and dividing through by the sum of all signal contributions – see {26}. 
When calculated, α demonstrates the respective ratio of background to signal events; when greater 
than 1, this shows that the background outweighs the signal.  
𝛼 =  
𝐴𝑐𝑐(𝑏𝑘𝑔) × 𝐵𝐹 (𝑏𝑘𝑔)
∑ 𝐴𝑐𝑐(𝑠𝑖𝑔𝑛𝑎𝑙) × 𝐵𝐹 (𝑠𝑖𝑔𝑛𝑎𝑙)






Table 8: Acceptance, branching fractions and background contamination of problematic decay 
modes. 
Branching fractions denoted with a * reflect those that have been calculated from 6th order chiral 
perturbation theory [9]. The remaining branching fractions have been taken from the particle data 
group [3].  Using table 8 (above), it can be inferred that the total background contamination, within 
the final selection, amounts to a factor of  = 7.878. 
 
The acceptance calculated here reflects that of the full kinematic distribution. In order to further 
assess the background contamination in this study, it is of benefit to assess specific regions within 
the distribution. Projections of the x and y were taken (figure 19) in order to assess regions that 
would have particularly high numbers of SDP signal events relative to the background and this was 




is normalised by its respective branching fraction and scaled up to the expected number of charged 
kaon events in 2016. 
 
 
Figure 19: Projections of x and y components for the kinematic distribution of SDP signal (green) 
and background (Red = Kμ3, Yellow = K2π). 
These projections show that the signal has the greatest acceptance, and yields the greatest number 
of events, in the 0.45  x  0.85 and 0.65  y  1.00 regions. These regions overlap with that of the 
backgrounds for K2π and Kμ3, however, these backgrounds can be subtracted in the final analysis. 
Acceptance was then assessed in greater detail, to see how this varied across the distribution. This 
was done to identify regions where the acceptance impact was uniform, and identify an optimal 
region to fit to. In this process the kinematic distribution from the MC post selection was divided by 
the MC truth. The x and y projections from this new plot can be seen in figure 20 below; all studies 




approximately achieved between 0.40  x < 0.85 and 0.80  y  1.00; outside of these ranges the 
acceptance begins to deviate. These results have consequently been used to determine the fit region 









5. Results from data 
 
 
5.1 Missing Mass 
 
For the purpose of this study, the missing mass has been computed to assess the number of 
candidates that make it through the to the final selection of the analysis. Figure 21 shows the missing 
mass distribution from data, before the missing mass cut is enforced (see lines in red). There is no 
absolute normalisation on figure 21, allowing for comparison to be made with the missing mass plots 
included earlier. In particular, the large positive tail trailing from the peak about zero shows clear 
similarities with that of the Kμ3 MC missing mass distribution in figure 10. The subsequent cut on 
this tail acts to reduce the number of unwanted Kμ3 in the final selection.  
Within the 2016 data set, 3 ×  108 charged kaon events were entered into the analysis; 37355 of 
these events survived selection process. Moreover, this selection process yields an efficiency of 






Figure 21: Missing mass following selection on 2016 data 
 
5.2 Kinematic Distribution 
 
Following the selection criteria outlined in section 4.3, the corresponding kinematic distribution for 
the 2016 data has been plotted in figure 22. Without subtracting background, only 37355 events 
survive the selection process. This is an unprecedentedly small number of number of events given 
that the expected number of signal events should amount to 6.67  104 with a minimum of 5.23  105 
events expected from background in addition to this – see table 7. Figure 22 shows larger statistics 
in the regions similar to that of the signal SDP and background K2π, however appears to be 
surprisingly lacking in events from the IB term (what should be the greatest contributor towards the 




events in the upper left hand corner of the distribution that this study is unable to identify at this 
stage. To better investigate this decrease in event number, table 9 outlines the effect that each cut 
has on the event number before normalisation. Most notably, the good photon requirement appears 
to have the most detrimental effect, dropping the event number by just over 97%. 
 













 Number of sample events 
Number of Kaons within fiducial decay region 3.000  108 
Good Track Cut 1.790  108 
LKr Association Cut  1.699  108 
E/P Cut 7.339  107 
Two LKr Clusters Cut 4.391  107 
Good Photon Cut 1.007  106 
Muon Photon Angle Cut 9.005  105 
MUV Cut 8.630  105 
Physical region Cut  8.529  105 
Photon energy cut 6.731  105 
Missing mass Cut 3.736  104 
Table 9: Effect of cuts on data before normalisation 
 
5.3 Form Factors Extraction 
 
With so few events in the final selection, this study is unable to correctly extract the form factors for 
the Kμνγ decay at this stage. Had the expected number of events been present, background would 
have then been subtracted – using scaled MC samples – and form factors extracted using the method 
identified in section 4.2.3. When the correctly normalised background distributions are subtracted 
from figure 22, this results in negative bin entries that cannot be fit to. Fitting to a distribution that 







This study has assessed the characteristics and properties of the Kμνγ decay mode. Certain 
refinements have been made that favour the SDP term and permit for the extraction of the relevant 
form factors, but the selection process has largely been designed to limit background and not focus 
in on a particular component of the signal for measurement. Broadly speaking, the selection process 
favours signal events that fall into the high density SDP region, and this is reflected by the acceptance 
of the results with respect to MC (see section 4.5), alongside the kinematic distribution produced in 
figure 22. The IB term is affected most by the selection cuts, however with the largest branching 
fraction of the signal components, a notable number of events will still be present in the final 
selection. If further future study was to be made into the branching fractions of these individual 
components, then refinement to the selection criteria would need to be made such that one 
component of the signal could be clearly differentiated from another. Varying the cuts in accordance 
with different regions of the kinematic distribution would be essential to this research. 
 
Inspection of various triggers, and their impact on this study, was beyond the scope of this work. 
The simple nature of the trigger that was used (one charged track in the final cut) provided minimal 
filtering to the sample and does not adversely affect the number of events in the final selection. Using 
a more sophisticated trigger could reduce the background contamination in the final selection and 
yield significantly more competitive results, but might also introduce sources of systematic error. A 
potentially promising trigger that has also been used within the NA62 project requires a charged 
track in the final selection, in addition to a minimum energy requirement on the clusters identified 
in the LKr [15]. This would be suited to a selection where the user was investigating the nature of 
the structurally dependent components of the decay mode and would not suffer from minimising 




The number of events in the final selection is significantly less than that expected from both 
background and signal. Further investigation into the effect of each cut on this data demonstrated 
that the good photon requirement in the LKr had a particularly damaging effect on the number of 
events passing the final selection (dropping the event number by over 97%) – see table 9. It is 
imperative to this study that MC simulations are able to correctly emulate what would happen in 
data, with failure to do this resulting in form factors being unsuccessfully extracted. To improve this 
study further, research needs to be completed that investigates the large drop in events that arises 
from photons not meeting the “good” requirement. Incorporating these noise level photons into the 
MC should hopefully permit for the correct estimation of background and signal events in the final 
selection, which, following subtraction, should ultimately result in the successful extraction of form 
factors.  
 
It was essential to this study that background events be minimised in order to obtain the best shape 
for fitting, and the slight correlation between figures 12 (after selection) and 22 suggests that this 
has only been partially successful. This agrees well with the calculated acceptance but unfortunately 
also demonstrates that a large number of the selected events fall into a region that is densely 
populated by background. In line with this, there is also an unmistakeable likeness between the 
kinematic distribution for data and K2π (see figure 16). In addition to this, the peak about zero in the 
resultant missing mass plot (see figure 21) would appear to suggest the success of the selection 
process in identifying the missing mass from the neutrino in the Kμνγ mode. However, prior to the 
cut on the squared missing mass, the tail on the peak in figure 21 suggests that there was a relatively 
large degree of background still within the sample; likely from backgrounds such as K2π and  
Kμ3 which each produce tails greater than 0 on their missing mass plots (see figures 9 and 10) and 
have a significantly larger branching fraction. In line with this, table 6 demonstrates how the missing 
mass cut is essential to reducing the contamination from Kμ3 in the final analysis, however the Kμ3 




shows a defined peak with the tail starting later, suggesting other backgrounds may also be present. 
Further studies may benefit from imposing alternative cuts in the selection process that specifically 
decrease the contamination from Kμ3 and K2π in the final selection.  
 
The method used to extract the form factors in this study was fitting to the SDP and SDM Dalitz plot 
density component, used by the DAPHNE collaboration. This function provided the simplest 
function to fit to and the results can be directly compared to those from DAPHNE. Other functions 
could also have been chosen, with variations of the muon polarisation initially being investigated as 
a potential function [21] before ultimately settling on equation {24}. Should these other functions be 
investigated further, this may provide the opportunity to research potential NP in the form of T 
violating muon polarisation [18]. 
 
The Kμ2 decay mode has posed a great source of challenge in this study. In the radiative instance 
(where the photon is emitted from the muon or kaon), this will contribute towards the signal in the 
final cut. However, in the non-radiative example where the muon track makes it through to the final 
selection through combining with a disassociated photo, this could pose as a potentially detrimental 
background to the study. The non-radiative Kμ2 decay mode shares many characteristics with Kμνγ 
decay mode – matching EOP values, kaon opening vertex, MUV energy deposit – and this makes it 
particularly difficult to suppress in the final sample. Fortunately for this study, the selection criteria 
are effective in removing events that have paired with low energy photons, similar to the non-
radiative Kμ2 decay. Bremsstrahlung typically produces photons of low energy and imposing a cut 
here significantly reduces the likelihood of a muon accidentally becoming associated with an 





When assessing the success of the analysis overall, it can be observed that it is feasible to broadly 
assess the Kμνγ decay mode over a limited period of time. The information obtained in this study 
provides a significant platform for researching NP through developing understanding of how 
problematic decay modes can be excluded from a data sample. For the study to develop further, it is 
essential that more work be done to improve the efficiency of the selection process, as well as 
improving the reconstruction efficiency in data. Being able to accurately estimate the number of 
background events expected in the final selection should permit for these events to be subtracted 
and the relevant form factors to be extracted. Given the current disparity between background and 
signal events in the final selection, it would be incredibly challenging to extract competitive form 
factor values without refining the selection process further. Moreover, although increasing the 
precision of the background events would undoubtedly further the progress of this study, the 
subtraction of these events from the final measurement would likely introduce uncertainties that 
remain larger than the expected signal. Imposing a more sophisticated selection criteria, improving 
the reconstruction efficiency to obtain a larger percentage of signal in the final yield, and conducting 
this investigation over a larger sample size, would be the optimal starting position for improving this 




7. Summary & Outlook 
 
At the time of writing, the NA62 experiment has begun reviewing the 2018 data. This data will 
primarily be used to search for the Kπνν decay mode, however, other projects of interest will be able 
to utilise the data. Following the success of the collaboration in previously refining the 
measurements for K → l + ν (where l = , e), the NA62 team has also developed an interest in the 
search for heavy neutrinos. Although no signal has yet been observed [22], the collaboration is 
optimistic that, with greater statistics, the limits on selection can be improved substantially. The 
research conducted in this study could potentially be of importance to any new study of heavy 
neutrinos with the reasons discussed earlier in the paper.  
 
The NA62 framework is a continually developing structure that investigates a variety of kaon decays. 
Upon securing a competitive measurement, or statistic, for the Kμνγ mode, the natural progression 
of the project would be to follow in the interest of other NA62 members and direct the study towards 
the search for heavy neutrinos. The information gained from this study would combine well with the 
material that is currently available on heavy neutrinos and make for a particularly well-rounded 
investigation. 
 
At this stage, the research collected here is unable to compete with that published by organisations 
such as those in table 5. In order to proceed further, it is necessary to ensure that the MC simulation 
is able to accurately portray the events in data and subsequently extract the relevant form factors. 
To ensure that these measurements are then accurate, further refinements should then be made to 
the selection process. Utilising more sophisticated event criteria could remove a greater portion of 




permit the assessment of each cut to determine which was the most effective at removing key 
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